A modified graphene oxide-based Fenton's reaction has been investigated for the degradation of a challenging emerging contaminant which is not effectively removed in conventional water treatment. Metaldehyde, used as the challenge molecule in this study, is a common molluscicide that (like many highly soluble contaminants) has frequently breached European regulatory limits in surface waters. The new method involves graphene with higher hydrophilic characteristics (Single-Layer Graphene Oxide, SLGO) as a system that participates in a redox reaction with hydrogen peroxide and which can potentially stabilize the •OH generated, which subsequently breaks down organic contaminants. The modified Fenton's reaction has shown to be effective in degrading metaldehyde in natural waters (>92% removal), even at high contaminant concentrations (50 mg metaldehyde/L) and in the presence of high background organic matter and dissolved salts. The reaction is relatively pH insensitive. SLGO maintained its catalytic performance over 3 treatment cycles when immobilized. Its performance gradually decreased over time, reaching around 50% of starting performance on the 10 th treatment cycle. X-ray Photoelectron Spectroscopy (XPS) analysis of modifications caused in SLGO by the oxidizing treatment indicated that the oxidation of C-C sp 2 to carbonyl groups may be the cause of the decrease in performance. The proposed modified Fenton's process has the potential to substitute traditional Fenton's treatment although regeneration of the nanocarbon is required for its prolonged use.
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Introduction
Conventional water treatment processes show limited efficiency for a number of increasingly utilised organic chemicals, which are then discharged to the environment after their incomplete removal. As a consequence, a range of biologically-active micropollutants can be found at parts per billion level in surface and drinking waters (e.g. estrogens, personal care products, pharmaceuticals, pesticides, organic solvents, disinfection by-products) [1] [2] [3] . One example of these biologically-active micropollutants is metaldehyde, a molluscicide widely used in large-scale agriculture and in gardens, particularly in regions (such as NW Europe, South East Asia, parts of China and the USA) where long wet seasons require the control of molluscan pests. . Metaldehyde has been observed frequently to breach European regulatory limits in surface and drinking waters (0.1 µg/l, based on the European Drinking Waters
Directive 1998 and 2000) [4, 5] in the UK and elsewhere due to its high solubility and frequent application [6] . This highly polarmolecule is relatively resistant to conventional chlorination or ozonation treatment, and is one of a group of emerging contaminants such as acrylamide, geosimine, 1,1,1-trichloroethane, and methyl tert-butyl ether (MTBE) that (due to their small organic "skeleton") show limited interaction with the conventional granular activated carbons (GAC) currently applied in tertiary water treatment [7, 8] . It was reported in 2011 that water treatment works could achieve a removal of only up to 50% metaldehyde, and that the regulatory limit target was difficult to achieve [9] .
Recent research into metaldehyde and similar emerging or problem contaminants has focused on developing improved adsorptive or catalytic destruction methods for their removal from treated waters. For example, Busquets et al. noted the improved adsorption of metaldehyde using "tailored" activated carbon beads (i.e. with controlled surface chemistry and pore size distribution) synthesised from phenolic resin [10, 11] , while Autin et al. reported successful photodegradation of metaldehyde using UV/H 2 O 2 and UV/TiO 2 (although the effectiveness of metaldehyde removal was significantly reduced by the presence of background organic matter) [12] . Bing and Fletcher report the destruction of metaldehyde using sulfonic acid functionalized mesoporous silica [13] , and ion exchange resins with sulfonic acid groups in a system that can also adsorb any acetaldehyde generated [14] , while Nabeerasool et al. report effective removal of metaldehyde using a coupled batch adsorption/ electrochemical regeneration technique, based on low capacity graphitic material (Arvia TM process) [8] . A slow but sustained oxidation of metaldehyde (31% degradation in 60h) was also achieved using macrocyclic ligand catalysts based on Fe(III) and H 2 O 2 (TALM/H 2 O 2 ) [15] .
The use of nanocarbon-based materials in adsorptive and catalytic applications for removal or destruction of emerging (or problem) contaminants has also been widely discussed [16] [17] [18] [19] [20] .
Graphene in particular has been the focus of much research due to its high specific surface area, tunable surface behaviour, and extremely high electron mobility [21] [22] . Graphenebased materials have been used as adsorbents or heterogeneous (photo)catalysts for effective removal or degradation of a range of heavy metal/metalloid and organic contaminants, including As, Cr, U, dyes, bisphenol A, perchlorate, bulk oil and gasoline [17, 19, [23] [24] [25] .
Graphene can also be used as part of a modified Fenton's process to generate the highly reactive and oxidizing hydroxyl radical (2.8V oxidation potential) from hydrogen peroxide, which in turn can effectively degrade a range of common organic contaminants. The potential benefits of graphene-based processes (shown in Equation (2)) over conventional Fenton processes involving an addition of ferric ions (Equation (1)) include effective catalytic performance with less need for strict pH control (as long as the pH is sufficiently stable to avoid folding and agglomeration of the graphene [29] ) and easier separation of graphene (as compared to a homogenous catalyst such as cationic Fe
2+
) from the reaction mixture following application. In this study, we examine this modified Fenton's process in more detail, its effect on SLGO chemistry, and report for the first time the effective oxidative degradation of metaldehyde in environmental waters using a SLGOperoxide treatment. in aqueous solution at 50 °C, followed by cooling to 25°C. All studies in this work were carried out at 25 °C. Ultrapure water, generated with an ELGA Purelab purification system (Veolia, UK) was used throughout the study, unless otherwise specified.
Materials and methods

Chemicals
The SLGO structure (sheets of 300 nm x 800 nm and thickness of 0.7 -1. Figure S1 (Supporting information)). The surface chemistry of the SLGO was characterized using X-ray photoelectron spectroscopy (XPS) using methods detailed in the following section.
X-ray photoelectron spectroscopy (XPS)
XPS was performed using an ESCALAB 250 Xi system (Thermo Scientific) equipped with a monochromated Al Kα X-ray source, a hemispherical electron energy analyzer, a magnetic lens and a video camera for viewing the analysis position. The standard analysis spot of ca.
900×600 μm 2 was defined by the microfocused X-ray source. Full survey scans (step size 1 eV, pass energy 150 eV, dwell time 50 mS) and narrow scans (step size 0.1 eV, pass energy 20 eV, dwell time 100 mS) of the C1s (binding energy, BE ∼285 eV), O1s (BE∼531 eV), N1s (BE ∼399 eV) and S2p (BE ∼164 eV) regions were acquired from three separate areas on each sample. Data were transmission function corrected and analyzed using Thermo Avantage Software (Version 5.952) using a smart background. The XPS analysis was carried out on washed (free or immobilized on tape) SLGO (see section 2.5) and SLGO treated with a range of doses of 1% H 2 O 2 and reaction times (specified in section 2.5) following drying in air.
Fourier Transform Infrared spectroscopy (FTIR)
FTIR analysis of the nanomaterial, free and immobilized on tape (using the same samples characterized with XPS), was performed in ATR (Attenuated Total Reflectance) mode with a model 3i FTIR spectroscopy system from ThermoFisher Scientific (UK). The surface chemistry of the SLGO was characterized after letting the washed nanomaterial dry in air (washing conditions are given in 2.5).
Chromatography-mass spectrometry
Metaldehyde was analysed via fast liquid chromatography coupled to mass spectrometry (LC-MS) [10] . Potential compounds arising from the degradation of metaldehyde were examined by gas chromatography-mass spectrometry with electron impact and a quadrupole 
Degradation of metaldehyde with SLGO
Commercial SLGO was washed with ultrapure water. This involved stirring and separation by centrifugation steps (10 min, 4000 rpm, x 5) to remove impurities from its preparation before its use in batch studies. In studies involving SLGO immobilized onto tape, the nanomaterial was washed by immersing the immobilised SLGO in water (stirred for ca. 10 min, 5 changes of water) before its use. SLGO had been immobilised by dispersing it onto conventional cellulose tape, obtained from a local store, with the help of a spatula.
Subsequently, a strip of tape was put on the top of the strip with SLGO in a sandwich-like configuration, and both strips were pulled apart to obtain a thinner layer of SLGO, resulting in (0.13 mg SLGO/cm tape). Batch conditions used SLGO immobilized onto cellulose tape Table 1 .
Kinetic studies followed the same set up as the system described with immobilized SLGO and samples (0.2ml) were taken at the following time points: 0, + Equation (5) 2.6 Characterisation of water samples
Surface and tap water samples were analyzed for total carbon (TC) and total inorganic carbon (TIC) with a Shimadzu TOC-V CSH/CSN (Kyoto, Japan). Samples were filtered through glass wool and frozen until analysis. Hydrochloric acid (2M) was used for the determination of TIC. Total organic carbon (TOC) was determined by the difference between TC and TIC.
For the TC and TIC analysis, glassware was rinsed with 1% HCl in ultrapure water, then washed with acetone and dried before use. The analyses were carried out in triplicate and blanks were run between samples.
Data analysis
Statistical treatment: t-student significance tests and two way ANOVA factorial analysis, which was carried out with Minitab software version 16.0, were used to assess the effect of three pairs of three parameters on the degradation of spiked metaldehyde in water.
The interaction of metaldehyde in aqueous solution with graphene was modeled using MMFF94 force field minimisation molecular dynamics with ChemBio3D ultra 14.0 (from PerkinElmer, UK) using 5000 iterations. Graphene was simulated as a planar sheet made of 16 benzenes incorporating 6 hydroxyl groups and a carboxylic acid located at its edges. The behavior of the model was studied in aqueous solution at 298 K.
Results and discussion
Individual effect of SLGO and H 2 O 2 on metaldehyde
Batch studies were performed to assess the individual effect of H 2 O 2 and SLGO on metaldehyde between pH 3 and 12. It has been reported that metaldehyde can be depolymerized by strong acids [13, 31] and so a decrease in metaldehyde concentration observed at pH 3, in the absence of SLGO, is an effect of chemical degradation ( Figure S3 Earlier work found that CNTs (which could be described as a rolled sp 2 graphene layer), when in suspension, could scavenge •OH [32] . Hydroxyl radical species could potentially gain some stability in the graphene electronic cloud which would increase their lifespan (analogous to other systems where hydroxyl radical stability can be increased by π -bond interaction, such as with α-tocopherol (vitamin E)) and so their potential to react with organic molecules approaching the suspended graphene surface. Figure 1 ) was more effective in degrading metaldehyde at alkaline pH 8.5. The increase in the reaction time with respect to the conditions initially assayed in section 3.1 (i.e. from 35 to 60 minutes) tripled the degradation of metaldehyde. Systems with SLGO enhanced the metaldehyde degradation process (condition 2, Figure 1 ). The reduction of metaldehyde in solution was solely through catalytic degradation as adsorption onto SLGO was found not to occur (section 3.1) and metaldehyde was chemically stable at the pH assayed. In Figure 1 , the catalytic effect of SLGO at the 2 different pHs assayed was not found to differ (P 0.05, condition 2), despite the expected different conformations of SLGO in suspension at these pHs [30] , which might have affected the catalytic activity. Notably, since achieving degradation of contaminants without addition of Fe 2+ has high economic and environmental relevance in water treatment, the system with SLGO (condition 2, Figure 1 ) was found to be as effective as the system with Fe 2+ (condition 3, Figure 1 ) at enhancing the degradation of metaldehyde.. Similar performance was observed in a system with combined Fe 2+ and SLGO (condition 4, Figure   1 ). In these three conditions (2, 3 and 4), the degradation of metaldehyde was found to be complete (i.e. not significantly different to 100%) at pH 5 (P0.05). No statistical difference was found between performance under the conditions assayed in conditions 2 -4, and the pH did not significantly affect metaldehyde degradation (P 0.05) (conditions 2-4), although there is a general tendency for slightly reduced degradation at higher pH (pH 8.5). The performance achieved with condition 1 was significantly lower (P 0.05) than with conditions 
Synergy between pH, SLGO and Fe 2+ in the degradation of metaldehyde
Degradation of metaldehyde in spiked surface water samples with suspended SLGO and H 2 O 2
The degradation of contaminants by heterogeneous catalysis can be significantly affected by the presence of other components in the aqueous medium. For an instance, the degradation of metaldehyde by photocatalysis using nano-TiO 2 was observed to be greatly inhibited in natural waters compared to deionised water, possibly due to the adsorption of organic matter onto the catalyst's active sites [13] . To test the robustness of the degradation of metaldehyde with SLGO/H 2 O 2 , a range of natural waters (and tap water) were incubated in batch mode with SLGO and 1% H 2 O 2 . Our previous data indicated that pH 5 and 8.5 could provide satisfactory degradation of metaldehyde (Figure 1) . Hence, the pH of the surface water samples was not adjusted for the experiment. Indeed, the pH of the water samples tested (pH 6.7-8.3) favored the suspension of SLGO in water [30] . Specifically, the waters used were:
tap water (Brighton, Sussex, UK, pH 7.9, TOC 3.6 mg/L); lake water (Balcombe, Sussex, UK, pH 7. The degradation of metaldehyde obtained (Figure 3) indicates that the heterogeneous catalysis by SLGO/H 2 O 2 was not affected significantly by varying TOC and background salts content (P 0.05). The mean degradation efficiency, which was above 94%, was not lower than the efficiency obtained for spiked deionised water (condition 2, Figure 1 ), possibly because of the limited adsorptive capacity of SLGO for dissolved organic matter, or that the degradation of metaldehyde took place before the active sites of SLGO became unavailable.
Immobilisation of SLGO onto cellulose tape and an assessment of the repeatability of metaldehyde degradation
Uncertainties over the toxicology of SLGO and its high cost discourage the application of suspended SLGO in large scale water treatment. For that reason, the degradative performance of SLGO/H 2 O 2 was tested with SLGO in an immobilized state, i.e. surface bound on a fine layer of cellulose tape (as shown in Figure 4 and in further experimental information discussed in section 2). The catalytic degradation of metaldehyde (spiked at 26 mg/L in ultrapure water) with 1% H 2 O 2 was investigated over several cycles at pH 5 (adjusted with NaOH) and at the pH of the initial water sample (pH 8). SLGO maintained its degradative performance when surface immobilized although the change in capacity for metaldehyde degradation over repeat cycles was significant ( Figure 4) ; the degradation was stable for 3 cycles after which it dropped by 30%, and on the 10 th cycle the performance was about 50%
of the starting performance. This result is compatible with a slight decrease in the decomposition of H 2 O 2 caused by SLGO on a 10 th treatment cycle observed in previous work [21] . SEM was used to examine the starting SLGO and the SLGO immobilised on cellulose tape which had been used in 1 and 10 treatment cycles, but no qualitative differences in surface characteristics were observed (Fig S1) . XPS and FTIR analysis of the same samples however did identify chemical changes occurring on the surface of the SLGO. XPS analysis showed that in all SLGO samples, a comparatively small amount of carboxyl groups and high amounts of hydroxyl and carbonyl groups were observed (Table 2 ). Example C1s deconvoluted narrow scan spectra [33] are shown in Figure 5 . A single oxidation step with H 2 O 2 led to a significant change in the C/O ratio as shown in Table 3 . A decrease in ratio of ca. 40% was caused by an increase in carbonyl groups (C=O) ( Table 2 and Figure 5 ). The increase in carbonyl groups was also associated with a decrease in sp 2 hybridized carbons.
This phenomenon of changes in the sp 2 carbon is in agreement with findings by Xing et al. metaldehyde. Glycolic acid is used to acidify food products which denotes that it is not a toxic product [34] . The presence of other possible degradation products, such as acetic acid, acetaldehyde and ethyl acetate was examined using full scan mode. The base peaks in the mass spectra for these compounds in electron impact were m/z 43 for acetic acid and ethyl acetate; and m/z 44 acetaldehyde, respectively in the working conditions, and were not detected in the samples. Earlier work developing methods for the oxidation of metaldehyde has reported the production of acetic acid and acetaldehyde with TALM catalysis/H 2 O 2 [15] ;
and acetaldehyde with mesoporous silica functionalized with sulphonic acid [13] ; although no degradation products were observed with the graphite based adsorbent Nyex TM and electrochemical regeneration [8] suggesting complete degradation of the molluscicide to CO 2 in this system. Degradation products were not detected during metaldehyde photocatalysis with UV/TiO 2 [12] , although volatile by-products in this system, if present, would probably have been lost during the sample treatment carried out, which involving sample preconcentration with styrene divinylbenzene cartridges. This is because of the high volatility of the possible degradation products and limited adsorption onto the stationary phase due to the short hydrocarbon skeleton of the possible degradation products. In the current study, the degradation product identified as hydroxyl acetic acid was not detected at longer reaction times, presumably because it volatilised in the stirring system. LC-MS analysis in full scan mode did not show any newly generated ionic species as a result of the degradation. The toxic metaldehyde degradation monomer unit acetaldehyde was not detected, indicating rapid oxidation to volatile (non toxic) degradation product(s) and CO 2 .
Conclusions
Effective degradation of the highly polar (and currently problematic, from the point of view of its resistance to conventional waste water treatment) contaminant metaldehyde in a range of natural waters (without pH adjustment or addition of iron salts) was observed using Error bars correspond to the standard deviation from n=3. 
